Background: Tracking dispersal of microbial populations in the environment requires specific 25 detection methods that discriminate between the target strain and all potential natural and 26 artificial interferents, including previously utilized tester strains. Recent work has shown that 27 genomic insertion of short identification tags, called "barcodes" here, allows detection of 28 chromosomally tagged strains by real-time PCR. Manual design of these barcodes is feasible for 29 small sets, but expansion of the technique to larger pools of distinct and well-functioning assays 30 would be significantly aided by software-guided design. 31
strain's fitness in resource-constrained environments (8), revealing the need for phenotypically 70 neutral, non-coding, genomic insertions that can differentiate introduced strains from native 71 flora. 72
73
The development of DNA synthesis chemistry, microarray technology, quantitative PCR (qPCR) 74 and high-throughput sequencing resulted in the development of several important capabilities 75 and tagging approaches. Early studies used transposons containing short synthetic barcodes to 76 identify virulence factors in several organisms (9, 10). As oligonucleotide synthesis technology 77 became more sophisticated and costs decreased, longer tags could be produced, resulting in the 78 use of tagged strains to study the spatiotemporal dispersion in systems otherwise unamenable to 79 tracking. In particular, significant work has been done to understand the details of stochastic 80 dynamics of Salmonella infections by monitoring the relative quantities of tagged strains in 81 different locations within the host (11) (12) (13) . These tagged strains, known as Wild-type Isogenic 82
Tagged Strains (WITS), contain short, unique sequences inserted into the genome to allow 83 quantitation by qPCR (11) . Similar work has been done to study population dynamics during 84 infection for several other bacterial and viral pathogens (13) (14) (15) (16) (17) (18) (19) (20) . 85
86
The ability to track the fate of microbes introduced into an environment is also of interest to the 87 biodefense research community. Spores of Bacillus anthracis, the causative agent of anthrax, 88 were used in the high-profile 2001 anthrax mail attacks and were historically weaponized by 89 both the United States and Russia on large scales (21). An important angle for preparedness 90 against a potential attack includes an understanding of how spores released into the environment 91 might disperse, persist, and migrate. The release of live B. anthracis spores (and indeed, even of 92 attenuated strains) in an outdoor test is impossible due to public health concerns. Instead, close 93 biological relatives are used as simulants. In the case of B. anthracis, recent work has used 94 Bacillus thuringiensis serovar kurstaki (Btk) due to its similar physiological and biochemical 95
properties (22) (23) (24) (25) (26) . Yet, even with the use of an adequate simulant, repeated dispersion testing 96 on the same test site is problematic due to a need to distinguish between past and present testing, 97 especially for a ubiquitous environmental bacterium such as Btk that is also in widespread use as 98 a commercial biopesticide (27) (28) (29) (30) . In addition, the problem of "signature erosion" has 99 diminished the utility of endogenous genomic signatures as detection tools as the diversity of 100 sequence data in public databases has exploded (31, 32) . 101
102
To overcome these challenges, we previously inserted unique genetic barcodes designed to 103 enable rapid detection by qPCR into the Btk genome (24) and subsequently tested the system in a 104 field release (23). These strains were successfully detected in field samples using the qPCR 105 assays, but, like the earlier WITS strains, the strains constructed for our field release (23) did not 106 exploit the full ability of bioinformatics and synthetic biology that has become available. Most 107 notably, each of the tags required its own specific PCR assay conditions, which makes scaling up 108 to larger numbers of barcodes prohibitive. In this work, we have built upon our previous work 109 by developing an algorithm, called barCoder, to generate barcode sequences that are unique 110 amongst a pool of barcoded strains and require minimal development of qPCR assays. The 111 algorithm also provides numerous features to minimize experimental troubleshooting efforts and 112 7 related properties, such as maximum homopolymer repeats and secondary structure (Table 1) . If 139 any requirements are not met, the sequence is discarded and a new sequence generated. 140 Table 1 . Algorithm parameters and default values for primer design. 141 a Entries of "Y/N" represent checks that are pass/fail and thus do not have a parameter value per-142 se. 143 144 A sequence that meets PCR restrictions is then tested for uniqueness. First, the sequence is 145 compared to a list of other primers, which includes any primers already generated locally by the 146 algorithm and an optional user-provided list of other primer sets of interest. Sequence "matches" 147 are determined by comparing raw BLAST scores divided by the raw score of a perfect match to a 148 user-adjustable threshold. If the sequence matches any existing primers above the threshold, the 149 sequence is discarded and the process restarted. Second, the genome of the organism targeted for 150 insertion is scanned for similar sequences by BLAST. Similarly, a set of additional genome 151 sequences of organisms that may be likely to be present in a sample, such as common 152 environmental background species or human, are scanned. Finally, the entire NCBI database is 153 optionally scanned for similar sequences. A separate threshold for discarding a candidate 154 A sequence that meets all PCR and uniqueness requirements is accepted for use in the barcode. 162
The algorithm cycles through this process to create each primer and the probe sequence, each 163 with its own set of requirement parameters. Optionally, the forward primer can be set as constant 164 for all barcodes in a given project. Once all three primer/probe sequences for a barcode have 165 been generated, the spacer sequences are randomly generated such that the total length 166 requirement is met and the G+C content of the full barcode matches the G+C content of the 167 target organism. The final check scans for potential stem-loop structures in the barcode to limit 168 challenges during genome insertion and during amplification of the sequence. Failing this check 169 triggers regeneration of the spacer sequences. 170 10 The barCoder algorithm was used to generate an initial set of 21 barcodes and corresponding 173 qPCR detection primer/probe sets (sequences listed in Tables S1 and S2 in Additional file 1). 174
Twelve of these barcodes were designed for B. thuringiensis serovar kurstaki (Btk), a surrogate 175 for the biothreat agent B. anthracis with low-G+C content (35%, (33)). To demonstrate the 176 utility of the barCoder algorithm to create barcodes for other organisms, including those with 177 different G+C compositions, three barcodes each were designed for potential use in Burkholderia 178 pseudomallei 1026b, (68% G+C content), Yersinia pestis CO92 (47%), and Clostridium 179 botulinum Hall A (28%) (34-36). 180 181 Assay conditions for barcode Btk1 in the pIDTSMART-AMP plasmid backbone were optimized 182 and subsequently standard curves were generated for all 21 TaqMan qPCR assays using the same 183 conditions ( Fig. 2 and Fig. S1 in Additional file 1). All of the assays of the barcodes in plasmids 184 performed well with qPCR efficiencies ranging from 81.1% to 100.0%, strong linear 185 relationships (R 2 > 0.99), and no false positive results (Table 3) 
. Limits of detection (LODs) 186
were all below 50 copies (the lowest plasmid concentration tested), except for barcode Btk6, 187
where the LOD was below 500 copies (Table 3) . Select barcodes were also markerlessly 188 incorporated into the chromosomes of potential target organisms: barcode Btk1 was integrated 189 into both Btk and B. anthracis Sterne, and barcode Yp1 was inserted into a pgm − derivative of Y. 190 pestis CO92. Again, standard curves were generated for the TaqMan assays under the same 191 conditions ( Fig. 2) . Assays using chromosomally-barcoded strains had efficiencies within the 192 range observed for barcodes residing in plasmids (86.5% to 96.5%), R 2 values above 0.99, and 193 no false positives (Table 3 ). LODs were calculated as less than 15 copies and less than 2 copies 11 25 copies for barcode Yp1 in the chromosome of Y. pestis CO92 pgm − (Table 3) 
201
To test the specificity of the TaqMan qPCR assays for the corresponding barcode, each of the 12 202 Btk assays were tested against all 12 Btk barcodes in plasmids. This cross-reactivity panel 203
showed unique amplification of each Btk barcode with its cognate primer/probe set ( Fig. 3 ). The 204
TaqMan qPCR assay for barcode Btk1 was also tested against a panel of potential pathogens and 205 environmental organisms (Table 4 ). Reactions containing the Btk strain with barcode Btk1 206 inserted in the chromosome, either alone or in the presence of an environmental matrix (DNA 207 from a mock microbial community or DNA extracted from soil) showed robust positive results, 208 while the Btk1 qPCR assay did not cross-react with any of the potential contaminants. 209 for diagnosis of infection (37), and, as such, is an attractive detection technology that also allows 218 a rapid evaluation of the relative abundance of a known microorganism within a sample. 219
However, when conducting environmental fate studies, for example, these assays must 220 discriminate from the endogenous or native microflora, which may be uncharacterized and 221 present signatures similar to or cross-reactive with the signature selected for detection of the 222 experimental strain. We sought in this report to utilize a bioinformatics strategy to generate 223 specific amplicons that require minimal assay optimization and could be introduced into 224 organisms with minimal to no cross-reactivity with environmental and microbial signatures. 225
226
Our approach to developing unique qPCR-compatible barcodes expanded upon our previous 227 work, in which we appropriated synthetic signatures from published microarrays and developed 228 PCR assays based on the unique sequences generated both by the tags themselves and by their 229 insertion into the genome (24). Because those sequences were not designed de novo for use in 230 PCR detection assays, we relied on the presence of a chromosomal primer binding site and the 231 single synthetic sequence to generate suitable amplicons. As a result, considerable optimization 232 of the assay conditions and primer sequences was necessary during the development of those 233 strains, and the assay conditions for each tag required slightly different optimal conditions for 234 detection. This situation was judged as suboptimal for the development of a more diverse panel 235 of barcodes, as new assays would need to be developed for each new sequence. 236
237
We therefore sought to develop an algorithm that would enable the high-throughput generation 238 of amplicon sequences that could use a single PCR assay condition, and in which relative 239 proportion of each strain could be compared in a single test, e.g. across a single microplate. The 240 assays would need to be specific to each barcode, and would need to be comparably sensitive 241 with equivalent limits of detection. Using TaqMan™ qPCR chemistry and a stringent 242 bioinformatic screening algorithm, we generated a panel of unique primer/probe combinations 243 that exhibited the desired combination of selectivity, specificity, and sensitivity. Using 244 conventional plasmids containing the barcodes as templates for the development of the assays, 245
we demonstrate strong performance in linearity of response, sensitivity, and efficiency across 21 246 assays using conditions optimized for a single assay. No cross-reactivity was observed across a 247 panel of 12 of these assays. We note that the odds of randomly generating a barcode that would 248 react with a natural sequence is vanishingly small as three 20+ bp primer sequences would need 249 to be closely matched in the correct orientation (>10 36 possible sequences) with spacing 250 appropriate for PCR amplification; nonetheless, sequences are screened for uniqueness to further 251 minimize this possibility. Inserting two of the barcodes into three different genomes, we 252 observed conserved performance compared to plasmid assays and LODs below 25 copies, which 253 we believe to be conservative due to Poisson distribution effects at low copy numbers. 254
255
Our barcodes have a number of potential applications. Marking strains with unique artificial 256 signatures could aid in protecting intellectual property, particularly for production strains whose 257 development has required significant investment in metabolic and/or genetic optimization, 258 perhaps in combination with other techniques such as DNA steganography (38). While not as 259 information-rich as longer steganographic tags or watermarks (39, 40) , qPCR barcodes have the 260 advantage of not requiring further sequencing and informatic analysis to detect and/or verify 261 their presence; they must simply be amplified using appropriate primers and probes. In one scenario, a set of barcodes could be inserted at defined intervals throughout a large DNA 263 molecule used for information storage, and utilized to provide a preliminary indicator of the 264 stability of the archive prior to full sequencing. 265 266 These sequences and their associated assays might also find use in forensic applications. In 267 particular, one might imagine their use as molecular taggants that could be spiked into samples 268 by field technicians, and their detection in DNA samples by the reference laboratories would 269 serve to verify the origin of the sample. In a similar vein, these same tools could be used in the 270 future for downstream attribution of accidental or deliberate release of organisms (41) . Select 271 agent strains, in particular, could be tagged, distributed to end-user communities, and then any 272 material from the scene of a biocrime could be rapidly amplified using the library of primers and Whole-genome sequencing (MiSeq, Illumina) was also performed to confirm the absence of off-392 target modifications. Primers used to construct this barcoded strain of Y. pestis are listed in 393 Table S4 in Additional file 1. To generate the cat-sacB cassette, the cat gene was PCR amplified 394 from plasmid pKD3 (CGSC #7631, (49)) with primers #1 and #2, and the sacB gene was PCR 395 amplified from plasmid p88171 (synthesized plasmid with pJ207 backbone and sacB gene from were purified (QIAquick PCR Purification Kit, Qiagen, Hilden, Germany) and joined together by 398 overlap extension PCR (50) using primers #1 and #4. The cat-sacB cassette was gel extracted 399 and cloned between the SacI and BamHI sites of pUC19 to create plasmid pCBV4. To construct 400 the cat-sacB cassette flanked by homologous DNA, the cat-sacB cassette was PCR amplified 
